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ABSTRACT
Rice grains were simultaneously enriched with vitamin 
(thiamine, riboflavin, niacin and pyridoxine) mixes and 
cross-linked under acidic and alkali conditions using 
acetaldehyde and epichlorohydrin, respectively. Results 
indicated that acidic cross-linked rices had higher vitamin 
contents than corresponding alkali cross-linked rices. 
Acidic rices were also shown to be more successful in 
allowing the vitamin mixes to penetrate the surface of rice 
grains and to subsequently interract with and become an 
integral part of rice starch matrix. These acidic enriched 
rices had higher individual vitamin values of greater than 
100% at the 3 gram level than both the control (untreated 
rice grains) and alkali enriched rices. These grains were 
able to retain the enriched vitamins even after severe 
washing treatments.
Processing treatments (cooking and canning), although 
reducing the vitamin contents below the unprocessed (raw) 
samples, still retained significantly higher values than the 
original, untreated control in the enriched samples. Losses 
due to processing ranged between 7 - 23% except in the case 
of thiamine where the losses were up to 63%.
The acidic cross-linked process increased the 
gelatinization and peak viscosity of the rice starch.
viii
Viscosities were higher for acidic, while setback vis­
cosities were higher for alkali treated starches, when 
compared to the control.
Scanning Electron Micrographs of the rice grains 
revealed that the compound granules of the control were 
broken down into numerous, simpler starch bodies, when 
treated with acid. Alkali treated samples appeared to be 
more flattened and became even more compacted when compared 
to the control.
Chapter I
INTRODUCTION
Rice is one of the most important food crops in the 
world, contributing to the staple diet of more than fifty 
percent of the world's population. It is the major cereal 
of Asia, Africa, the Middle East and Latin America. In 
Asia, its high starch content (approximately 90%) provides 
the population with more than half of its total caloric 
intake. Rice is now being consumed in larger amounts by the 
people on the European and North American mainland.
The rice grain is enclosed in an outer shell, hull or 
husk, which when removed is used for fuel. The rice from 
this shell is called "Brown Rice", and refers to its brown 
color since the bran has not been removed. To avoid deter­
ioration of quality and also for a whiter appearance of the 
grain, the bran coat is removed by polishing the brown rice. 
Milling is a step in rice processing where the hulls are 
removed and the kernels are polished (removal of the bran). 
The remaining rice grain is termed "White Rice". This is 
the endosperm and it consists mostly of starch , but small 
quantities of nutrients such as protein, vitamins and 
minerals can be found.
Milling contributes greatly to removal of nutrients 
such as protein, vitamins and minerals from the rice grain.
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Fortifying rice with powdered mixtures has been attempted 
but this necessitates labelling instructions to the consumer 
not to wash the rice before or drain it after cooking in 
order to prevent loss of nutrients. Cooking rice in excess 
water is also a problem because most of the enrichment 
nutrients needed in rice are water soluble. These nutrients 
are liable to leach out into the excess liquid or gruel of 
cooked rice which is discarded. In canned foods however, 
nutrients migrating from the rice to the canning liquor 
would still be consumed as these canned foods are eaten in 
total.
Cross-linking is a process which is used to enhance the 
strength of the swollen granules in starches so that they 
will be more resistant to rupture without reducing nutrient 
content. Research has been done on the cross-linking of 
rice starch to produce stronger grains and non-cohesive 
canned rice ( Rutledge et al. 1972). Futch (1978) deter­
mined that cross-linking under acidic conditions produced a 
better rice product than under alkaline conditions. 
Guillory (1974) also used a modified procedure to fortify 
rice with amino acids.
This investigation combined the information gained from 
previous studies in cross-linking rice starches while at the 
same time enriching the grains with vitamins. The vitamins 
were incorporated in the rice starch matrix, becoming an 
integral part of a stronger rice grain after cross-linking
was complete. Therefore, these nutrients should be rinse 
proof and also less susceptible to leaching when cooked in 
excess water.
The main objectives of this study were: (l)to develop
rinse and cook-proof processes for the enrichment of rice 
grains with vitamins ;and (2)to determine the structural 
changes that take place during gelatinization and processing 
and the effect of these changes on nutrient retention.
Chapter II 
LITERATURE REVIEW 
Rice - History and Production
Rice COrvza sativa L.), one of the leading food crops 
of the world, is the staple food of over half of the world's 
population. There are numerous varieties of rice, but the 
two most cultivated species are 0. sativa and 0. qlaberrima 
Steud. Cultivars of these varieties can grow in a wide 
range of water and soil regimes, from deeply flodded land to 
dry, hilly slopes. However, rice is considered a semi- 
aquatic, annual, grass plant, being able to survive condi­
tions of the tropics or sub-tropics (Lu and Chang, 1980).
Rice is classified into three sub-species: Indica long 
grains, Japonica thick and short grains and Javonica broad 
thick grains. There exists waxy and non-waxy types within 
each of these sub-species and they can be differentiated 
based on their different cooking characteristics (Lu and 
Chang, 1980).
Traditionally, rice varieties were tall and slender, 
requiring up to eleven months before maturity. However, 
newer rice varieties are of short duration and require less 
than 100 days from seeding to harvest. In some areas double 
or triple cropping is being practiced, as such it is 
difficult to estimate the precise, total rice hectarage. 
The estimated total world rice hectarage in 1980 was 144.2
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milion hectare (Palapac, 1982) .
China, India, Indonesia and Thialand (Asian countries), 
cultivate greater than 90% of the total world rice hectar­
age. The United States' share of this total was about 0.8%. 
In terms of production, the Asian countries again led the 
world. Total production was about 470 million tons with 
China being responsible for over 38% of this amount. The 
United States accounted for only 1.3% (Palapac, 1982).
In 1975 the per capita consumption of rice was about 
94.7 kg of milled rice for Asia, 33.54 kg for South America, 
20.13 kg for Africa, 15.5 kg for Oceania and 8.77 kg for 
North and Central America. The world's average per capita 
consumption was 58.42 kg. The largest per capita consump­
tion was 246.46 kg by the South Vietnamese followed by the 
Thais with 212.54 kg per capita. This is compared with 6.39 
kg per capita consumption in the United States (USDA, 1979). 
The increase in world population between 1960 and 1976 was 
30.27%, while the consumption of rice increased at a rate of 
42.03% for the same period of time. People are now eating 
more rice and the increase in consumption coincides with an 
increase in income. As incomes increased, a large sector 
shifted consumption behavior toward finer foods such as 
rice. For example, in West Africa the demand for rice has 
surpassed maize, yams and cassava (Lu and Chang, 1980).
Commercial rice production started in the United States 
in 1685 in South Carolina. Production later spread into
North Carolina, Georgia, Alabama, Mississippi and Florida 
(Walker, 1960). After the civil war, the southern states 
became the important rice producing states in the United 
States with a rapid increase in rice acreage along the 
Mississippi river in Louisiana. At the beginning of the 
twentieth century rice growing extended to Texas and 
Arkansas then to California.
In 1954 rice acreage was put under government control 
and production increased steadily. Between 1972 and 1975 
the U.S. led the world with an average export of 1.78 
million metric tons of milled rice, followed by China and 
Thialand with 1.51 and 1.14 million metric tons, respec­
tively. During this period the world's exported production 
stood at 7.44 million metric tons (Lu and Chang, 1980). 
However in 1980, even though the United States rice exports 
increased to 2.13 million metric tons, Thailand had assumed 
the role as the world's leading exporter with a total of 
4.54 million metric tons (Palapac, 1982). The increase in 
recent years of the world production of rice to more than 
50% is primarily due to the use of high yield varieties and 
associated technologies.
Characteristics of Rice
The chemical and physical properties of rice differ 
according to variety. Starch is the major chemical con­
stituent representing about 90% of milled rice. Starch is
found mainly in the endosperm as compound granules 3-10 ym 
in size. Protein, amino acids, vitamins, minerals (ash) and 
fat are among the remaining nutrients that make up the rice 
grain (Juliano, 1976).
Since rice starch content is so high, anything that 
produces changes in the starch content, formational or 
structural, will eventually produce changes in the rice 
grain structure and subsequently, differences in the 
chemical and physical behavior of rice. The most commonly 
measured properties in rice are amylose content, alkali 
spreading value, water uptake capacity, birefringence 
endpoint temperature, amylographic pasting characteristics, 
protein content, kernel hardness and milling yield.
The starch molecule in rice is made up of glucose units 
and occurs as two distinct fractions, amylose and amylopec- 
tin. Amylose is a straight chain non-waxy, non-glutinous 
molecule composed of glucose units bound by a-l,4-glyco- 
sidic linkages. Amylopectin is a waxy, glutinous molecule 
composed of glucose units but the regularity of the 
straight glucose chain is interrupted by frequent branching 
(Kerr and Schink, 1948).
The most common classification of rice is based on 
grain size. Classification of rice into short, medium and 
long grain depends on the length and shape of the grain. 
Short grain varieties tend to be sticky when cooked, medium 
grains are less sticky while long grain rice retains its
cohesiveness and is flaky upon cooking. Varietal improve­
ment programs have resulted in varieties with greatly 
improved yields and consistent cooking qualities.
Physico-Chemical Properties
Amylose content in rice ranges from 1-37% while 
amylopectin content is between 63-91%. In waxy rice, 
amylose content only ranged between 1-2%. For non-waxy, 
amylose content is classified as low, 10-20%; intermediate, 
20-25%; and high, 25-33% (Juliano, 1972). The starch 
granules are fairly hygroscopic, thus the moisture content 
of the rice grain readily changes with a change in storage 
temperature or relative humidity (Juliano, 1976). Amylose 
is usually determined by iodine colorimetry (Juliano et al., 
1964) , while amylopectin can be assayed with the use of 
carbon bicarbonate buffer (pH 10.2) which results in a deep 
blue color (IRRI, 1977). Absorbance is obtained at 590 and 
630 nm.
Protein content of milled rice is about 7% and loss 
from brown rice is estimated at between 11-26%. Protein is 
found in the endospern of milled rice and is in the form of 
discrete protein bodies 1-4 pm in size. Milled rice 
protein consists of 5% albumin (water soluble), 10% globumin 
(salt soluble), > 80% glutelin (alkali soluble) and 5%
prolamin (alcohol soluble) (Juliano, 1972). Bran and embryo 
proteins have more albumin and globulin (Baldi et al., 1976)
and the highest lysine (the first limiting amino acid) 
content is found in these proteins. Lysine content is 
seriously decreased upon milling.
The amino acid score of milled rice ranges from 58-74% 
based on lysine at 5.5g/16g as 100% ( FAO, 1973 ). Cystine 
content is 0.07,3%, tryptophan 0.066%, arginine 0.251% and 
histidine 0.059%. Cystine is non-essential.
Very little work has been done on rice albumin protein 
but it can be prepared by direct water extraction of milled 
rice flour, dialysis against water, centrifugation and 
precipitation with ammonium sulfate to 80% saturation
(Juliano, 1980). Globulin is rich in sulfur amino acids 
(Perdon and Juliano, 1978) and can be precipitated from a 5% 
sodium chloride extract by addition of ammonium sulfate to 
30% saturation. Prolamin has the lowest lysine content and 
can be extracted directly from milled rice with 95% ethanol 
followed by 70% ethanol and acetone precipitation (Mandac 
and Juliano, 1978) . Glutelin is the major protein fraction
of milled rice. Endosperm glutelin is extracted in 4
solubility fractions (Villareal and Juliano, 1978).
In a study of high protein rice varieties by the 
International Rice Research Institute (IRRI, 1968), smaller 
differences in protein content of brown and milled rice were 
noticed at higher protein levels, reflecting greater
resistance of high protein rice to milling. Sturgis et al.. 
(1952) in studying the variation in protein content in 29
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varieties, noticed a significant difference in the protein 
content of the major varieties. This varietal difference 
should, therefore, contribute to variation in amino acid 
composition.
Vitamins in rice are concentrated mostly in the
aluerone layer and the embryo, hence milled rice would have
low levels of vitamins. Kik and Vanlandingham (1943) 
reported that 40-80% thiamin, 50-56% riboflavin and about 
63% niacin are lost in the milling process. The thiamin and
riboflavin losses differ among varieties. The rice kernel
contains about 0.13mg/100g thiamin, 1.54mg/100g niacin, 
0.14mg/100g pyridoxine and 0.04mg/100g riboflavin on a dry 
basis. Williams et al., (1943) concluded that there were no 
significant differences in vitamin content of different 
varieties of brown rice, however, milling reduced the 
vitamin content with the greatest reduction occurring in the 
first milling fraction. Rice contains little or no vitamin 
C or vitamin D.
Minerals like vitamins are concentrated mostly in the 
aluerone layer and embryo. Harris and Karmas, (1977) 
indicated that there was a sharp decrease of mineral 
concentration due to milling. The ash distribution in brown 
rice is calculated to be 51% in bran, 10% embryo, 11% in 
polish and 28% in milled rice (Leonzio, 1967). Reported ash 
values for different varieties of milled rice ranged from 
0.26 to 1.95% (dry basis) with means of 0.69, 0.64 and 0.61%
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for long, medium and short grains, respectively (Simpson et 
al., 1965). Phosphorous and potassium are the most abundant 
mineral elements in rice (Juliano, 1972).
Gelatinization and Pasting Characteristics
Rice varieties, because of their various physical and 
chemical structures, differ significantly in their process­
ing and cooking qualities. Rice can be classified according 
to its cooking properties on the basis of final gelatiniza­
tion temperature rather than on grain length (Hallick et 
al., 1960), also gelatinization temperatures have been
reported to be highly correlated with other quality tests 
(Little et al., 1958). Rice varieties with starch gelatini­
zation temperatures below 70°C have been classified as low; 
intermediate between 70° and 74 °C; and above 74°C as high 
gelling rices (Beachell, 1967).
Gelatinization is a complex phenomenon that may depend 
on granule size, amylose content, molecular weight of its 
components and the micellar organization of the granules. 
Well cooked kernels of short and medium grain varieties are 
usually relatively firm and sticky, while long grain 
varieties are flaky and maintain integrity. Gelatinization 
seems to be an index of ease for cooking polished rice 
(Stansel and Kramer, 1960).
Starch gelatinization by heating in water occurs in 3 
distinct phases. (1)Water is slowly taken up followed by
12
limited swelling. This is the reversible phase where starch 
is allowed to be dried to its initial state with no obvious 
changes in appearance of birefringence of the starch 
granules. (2)The starch granules expand significantly while 
taking up a great deal of moisture and a rapid loss of 
birefringence occurs. This stage occurs in a narrow tempera­
ture range. (3) As the temperature increases, the granules 
become formless sacs with the more soluble part of the 
starch being leached out.
The Brabender Amylograph is used to study rice flour 
rheology. These amylographic results (gelatinization time, 
peak viscosity, peak temperature, peak height when cooled to 
50°C, and setback) , show wide differences (Juliano et al., 
1964 and Horiuchi, 1967). These differences have been 
attributed to variety and possibly to research techniques.
A rice starch amylograph typical of most non-waxy 
flours shows a moderate pasting peak with a moderate 
decrease in viscosity when held at high temperature. The 
decrease in viscosity upon holding at high temperature is 
due to limited fragmentation and solubilization of the 
stable swollen granules. This is followed by an increase in 
viscosity upon cooling which is due to retrogradation and 
congelation of the amylose fraction (Schoch, 1967). High 
amylose rice gives a fluffy dry cooked rice while low 
amylose rice generally results in a sticky cooked rice.
Rice flours are made from broken milled rice, hence
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their chemical composition is the same as the whole rice. 
Varietal differences however, affect the chemical and 
physical properties of the flours. Changes in viscosity 
depend largely on the composition of the starch. Long grain 
rice containing starch with amylose content over 22% has 
relatively low peak viscosity and forms rigid gels on 
cooling (high setback viscosity). Setback value is the 
difference between final viscosity at 50°C and the peak 
viscosity (Primo et al., 1960).
Peak viscosity is highly correlated to amylose content 
and thus rice variety (Primo et al., 1960). Hard gel
consistency has been observed exclusively in high amylose 
rices with high amylograph viscosity (>400 BU) and setback 
(>300 BU) (Juliano, 1980). Waxy rice flour contains less 
than 0.5% amylose in the starch and an appreciable amount of 
a-amylase. Peak viscosity for waxy rice is lower than for 
the short grain rices and there is practically no setback 
viscosity (Whistler and Paschall, 1967).
The higher the gelatinization temperature, the longer 
the cooking time. The starch with a lower gelatinization 
temperature tends to absorb water and swell at a lower 
temperature during cooking as compared to starches of higher 
gelatinization temperatures (Nagato and Kishi, 1966) . 
Gelatinization temperatures of rice starches are usually 
higher than that of other common starches, thus rice starch 
requires higher cooking temperatures to effect a viscous
14
paste.
Parboiling and Its Effects
Parboiling is a highly developed operation in the food 
industry. It is a hydro-thermal process in which the 
crystalline form of starch is changed into an amorphous one, 
due to the irreversible swelling and fusion of starch.
Parboiling consists of three very distinct steps: 
(1)cooking or steeping, (2)steaming and (3)drying. These 
steps together produce physical, chemical and sensory 
changes in the rice with economic and nutritional advantages 
(Gariboldi, 1974). The major objectives of parboiling are : 
(1) to increase the total and head yield of paddy, (2) 
prevent loss of nutrients during milling and (3) salvage wet 
or damaged paddy.
During the soaking or steeping phase, water-soluble 
vitamins, minerals and protein move from the outer layers of 
the rice and penetrate into the endosperm. Various resear­
chers have found considerable increases in the levels of 
thiamin, riboflavin and niacin after parboiling (Houston, 
1972; Kennedy et al., 1975; and Vitti et al. , 1975).
Steaming gelatinizes and expands the starch grains, until 
they fill up the surrounding air spaces. Protein substances 
and other nutrients sink into the complex mass of gelatin­
ized starch becoming less liable to extraction. Dimopoulos
and Muller (1972) reported that parboiling alters the 
solubility of rice protein in various solvents. During
drying, the gelatinized rice grain is allowed to dry to a 
moisture content of about 11-14%. At this level, the rice
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grain becomes strong and hard; this facilitates higher 
milling yield and improved, quality as there are fewer 
broken grains. Padua and Juliano (1974) found that the 
starchy endosperm of parboiled rice had a greater resistant 
to milling and thus the bran and germ were more effectively 
removed. Parboiling also results in a more uniform cooking 
quality with less solids loss to the cooking water and less 
cohesiveness or gelatinous character of the cooked grain 
(Hogan and Plank, 1958). Furthermore, Bhattacharya and 
Subba Rao (1966) and Bhattacharya (1969), after conducting 
comprehensive quantitative studies on the effects of 
parboiling on the breakage of rice, reported that kernel 
defects such as cracks, chalkiness and incomplete grain 
filling are completely healed during the parboiling process.
Parboiling has some drawbacks, such as: it makes
polishing of rice kernels more difficult, the color of the 
grains will change and attain a rather unique flavor and 
the grains are darkened (Gariboldi, 1972).
Canning and Its Effects
The highly cohesive nature of the cooked rice grains 
has long been a discouraging problem in canning studies. It
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was found that excess liquid in the cans before retorting 
was primarily responsible for the stickiness and clumping 
effects. Researchers in turn have, therefore, concentrated 
on dry rather than wet pack canning processes. Different 
procedures have been utilized involving soaking, cooking 
and or freezing the canned rice after retorting, but 
cohesiveness, dumpiness and prohibitive cost, have been 
detrimental to success (Tollefson and Bice, 1972; and 
Roberts et al., 1953).
Ferrel et al., (1960) overcame the clumping problem
with the use of emulsifying agents. A rinse treatment with 
dilute surface active agents during the canning procedure 
markedly reduced the cohesion that normally developed in the 
product.
Kester (1959) reported that parboiled rice, unlike 
white rice, did not disentegrate when subjected to canning 
process times and temperatures in the presence of limited 
moisture. However, the optimum parboiling conditions for 
different varieties of canned product were not clearly 
defined. A severe steam treatment of ten minutes or longer 
at 15 psig gave the best results.
Percent solids loss on a dry basis was introduced as 
the main criterium for the canning stability of rice (Webb 
and Adair, 1970). In evaluating the canning stability of 
different varieties, they found Jojutla, with only 9% solids 
loss, to be the best variety. The Bluebelle, Dawn, Bluebon-
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net and Toro varieties were reported to have percentage 
solids losses of 17, 19, 21 and 33%, respectively.
The problems encountered in the canning of rice have 
been due to the behavior of starch when exposed to heat in 
liquid media. The starch granules of rice are 2-7 y m in 
diameter, with the intermolecular hydrogen bonds responsible 
for their integrity. While insoluble in cold water, rice 
starch granules will undergo a limited amount of swelling 
when exposed to water. When heated in water, a point is 
reached where the hydrogen bonds holding the granules 
together are weakened and an irreversible swelling occurs. 
The introduction of chemical bonds into the rice grains by 
cross-linking across the hydrogen bonds, greatly increases 
the stability of the starch granules.
The effect of canning on rice nutrients such as 
protein, vitamins and minerals has not been reported to any 
great extent. With other cereal grains however, it has been 
reported that canning reduces vitamin content. It appears 
that the water soluble vitamins are leached out by the 
increased molecular movement within the food.Thiamin is 
highly soluble in water, while riboflavin is very slightly 
soluble. However, under conditions of high temperatures, 
both of these vitamins are lost in the canning fluid. 
Another factor, other than solubility, is the decreased 
stability of the water soluble vitamin when exposed to high 
temperatures such as in canning (Harris and Karmas, 1977).
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Futch (1978) determined that the decreases of thiamin 
and riboflavin in raw parboiled rice, due to canning, were 
94.5 and 83%, respectively. Acetaldehyde modification of 
these rices under acidic conditions, resulted in 91 and 45% 
reduction of thiamin and riboflavin, respectively. On the 
whole, this study found that canning under acidic condi­
tions resulted in rices with higher levels of thiamin and 
riboflavin than canning under alkali conditions.
In general, most of the reports on the effects of 
thermal processing on nutrients only contain information on 
the content of a specific nutrient after the thermal process 
and gives the percentage retention or loss of the nutrient. 
In light of the fact that there are numerous processing 
methods and time/temperature (high-temperature short-time) 
possibilities for accomplishing commercial sterilization, it 
is not appropriate to assume that the nutrient losses 
reported in the literature represent the average or norm for 
the industry.
Cross-linking and Its Effects
Canning of rice has always been a problem because 
prolonged heat treatment under high pressure tends to cause 
overcooking of the kernels. The consumer expects rice 
canned in semi-liquid media, such as soups, to be well 
separated, non-cohesive, and intact, displaying a minimum of
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longitudinal splitting and fraying of edges and ends. The 
canning liquid should be clear and devoid of excessive 
starch.
Prior to the development of commercial parboiling in 
the 1940's, the texture of canned rice in semi-liquid media 
such as soups, was largely unacceptable. Parboiling certain 
varieties of rice, such as Bluebelle and Belle Patna, has 
enabled canners to produce commercially acceptable products 
only when processing conditions are not too severe, as in
the case with agitated retorts owing to improved heat
transfer. These varieties show a solids loss of 17-18%
after canning (Webb and Adair, 1970). Conventional retort­
ing equipment can be used if the rice is canned in a 
limited-moisture media. However, in many cases it is
desirable to use rice in a number of products processed with 
conventional equipment but having too high a moisture 
content to ensure the stability of the rice kernel.
Rutledge et al. (1974), reported that cross-linking the 
starch in rice resulted in improved resistance to thermal
degradation during excess moisture canning. The rice was
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found to be less pasty and cohesive due to reduced starch 
leaching. The cross-linked rice, because of its excellent 
heat-moisture stability and superior sensory properties, has 
a high potential for commercial incorporation in heat- 
processed formulations.
Cross-linked starches first came into prominence after
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World War II, when Tapioca and other root starches were in 
short supply. Available unmodified starches were too 
stringy, cohesive, and broke down too rapidly under shear to 
be commercially feasible in many food uses. These defects 
are remedied by introducing a small number of cross-links 
into the intact starch granule (Hullinger, 1967).
Cross-linking modifications are used to overcome the 
extreme sensitivity of swollen starch granules to handling 
and processing conditions, and to provide modified starches 
which can be used at much lower concentration than the 
native starches for thickening foods. The basic idea behind 
cross-linked food starches is to enhance the strength of the 
swollen granules so that they will be more resistant to 
rupture without reducing their caloric value and diges- 
tability. This is accomplished by treating starch in the 
granular state with very small amounts of di- or poly­
functional agents capable of reacting with hydroxyl groups 
on two or more different molecules within the granule. By 
this technique, the hydrogen bonds responsible for holding 
the granules intact, are reinforced with chemical bonds. As 
a result, when cross-linked starch is cooked in water at 
temperatures which weaken or destroy the hydrogen bonds, the 
integrity of the swollen granule is still maintained by 
virtue of the chemical cross-links.
Reagents such as mixed anhydride of acetic and adipic 
acid, phosphorous oxychloride, metaphosphorates, epichloro-
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hydrin and acrolein, may be used as cross-linking agents. 
Modifications with these cross-linkers are normally run on 
aqueous suspensions of granular starch under conditions 
conducive to rapid reaction without gelatinization of the 
starch. That portion of the cross-linking reagent which 
does not react, may be hydrolyzed under the conditions of 
the reaction to substances which often are commonly found in 
foods and are removed by washing. Since it takes only one 
cross-link to double the molecular weight of a starch 
granule, extremely few are needed to strengthen the starch 
granules for use in foods. Often only one cross bond for 
every 2500 anhydroglucose units is sufficient. This 
represents about 0.014% of the starch (Wurzburg and Szymans, 
1970).
Cross-linking Under Alkaline Conditions. Hydroxyl groups of 
parboiled rice were cross-linked with 1% phosphorous 
oxychloride, based on the weight of the raw rice (Lous- 
taunau, 1971). A significant improvement in solids loss, 
cohesiveness, and texture of the treated rice over the long- 
grained parboiled control was found after canning in excess 
water. However, phosphorous oxychloride proved to be an 
inefficient reagent because it reacted with water and sodiun 
hydroxide. Phosphorus analysis indicated that only 2% of 
the added phosphorous oxychloride was present in the canned 
rice. Rutledge et al., (1972)found that white rice could be
cross-linked to the desired extent only by epichlorohydrin, 
whereas parboiled samples could readily be cross-linked by 
epichlorohydrin, sodium trimetaphosphate and phosphorous 
oxychloride. After cross-linking the starch of parboiled 
rice with the three mentioned reagents, they found solids 
loss in wet pack cans to be 6.10, 5.15 and 8.2%, respec­
tively. In addition to less leaching of starchy material in 
the cross-linked samples, water uptake was limited so that 
the texture and appearance of freshly cooked rice was 
retained. Subjective evaluation with regard to color, 
cohesiveness, flavor, doneness, and general appearance
showed a preference for the treated rice over the untreated 
by a panel of ten judges.
Even with these favorable results, a drawback as­
sociated with cross-linking under these alkaline conditions 
was the amount of time required for the neutralization step. 
Neutralization was necessary to remove the yellow dis­
coloration that occured when the rice grain came into 
contact with the alkali.
Cross-linking Under Acidic Conditions. This method would 
eliminate the long period of time needed for neutralization. 
The basis for cross-linking under acidic conditions 
involves the use of an aldehyde (generally acetaldehyde) 
which reacts difunctionally with the rice starch. The first 
reaction involves the establishment of the equilibrium
between the aldehyde and a starch hydroxyl to form a 
hemiacetal. The second reaction, which affects the cross­
link, is the formation of the full acetal. This reaction is 
acid catalyzed in which the pH must be below 4.0. Kerr and 
Schink (1948) reported the optimum pH for this reaction to 
be between 1.6 and 2.5. Scott (1976) used three canners' 
grade parboiled rices and subjected them to a cross-linking 
reagent, acetaldehyde, under acidic conditions in an attempt 
to enable rice to maintain its integrity when processed at 
240°F for 60 minutes in a liquid media. He found that a pH 
of 1.2 was too low because acid modification of the rice 
starch occurred, resulting in a product that completely 
disintegrated upon canning. The optimum conditions for rice 
were produced by processing at pH 2.0 for 60 minutes at 
60°C. Under these conditions the rice maintained its 
integrity well, showing very little solids loss as well as 
little splitting or fraying on the edges.
Futch (1978) evaluated the nutritional quality of 
cooked and canned parboiled rices, cross-linked under acidic 
conditions with acetaldehyde and under alkali conditions 
with sodium trimetaphosphate (STMP). On the whole, modified 
products had better nutritional profiles than the unmodi­
fied. However, acetaldehyde modification was superior to 
STMP modification with regards to nutrient retention. 
Thiamin content was 7 times greater, while riboflavin 
content was 1.6 times greater after cooking or canning,
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using the acidic method, in comparison to the alkaline 
method for cross-linking rice starch. All modified samples 
underwent nutrient losses, however; thiamin and riboflavin 
contents of the canned modified rices were greater than 
canned unmodified rices.
Rice in the Food Industry
Different modification procedures have been applied to 
rice and rice flour to increase their use in the food 
industry along with altering their functional properties in 
certain ways to enable the food manufacturers to use them in 
different products.
Parboiled Rice. Parboiling of rice grains is one of the 
most widespread food industry in Asia. It is estimated that 
about a fifth of the world's rice is parboiled (Gariboldi,
1974) . The process simply put, is rice precooked in rough 
rice form. Modification of rice through parboiling affects 
the physical rather than the chemical properties of rice. 
In the process rough rice is first soaked until saturated 
then the grains are steamed in order to gelatinize the 
starch. This allows the starch granules to be pressed 
together creating strong inter-granular cohesion.
Along with gelatinization of starch, other changes 
occur in the rice grains during parboiling. One of the
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first change is inactivation of enzymes during steaming. 
The most notable enzyme inactivated is lipase, a result 
which protects the rice and bran from fat hydrolysis.
Padua and Juliano (1974) indicated that there were 
greater amounts of thiamine and niacin in milled parboiled 
as compared to milled raw rice. However, the total thiamine 
content in brown rice is actually reduced after parboiling. 
Losses occur during both soaking and steaming, especially if 
the steaming is done under pressure. It appears that the 
greater vitamin content in milled parboiled rice grains is a 
result of the reduced loss of vitamins during the milling of 
brown rice.
This reduced loss of water-soluble vitamins during the 
milling of brown rice after parboiling have been explained 
by two theories. Padua and Juliano (1974) suggested that 
the vitamins diffuse into the endosperm while Subba Rao and 
Bhattacharya (1966) indicated that milling losses of these 
nutrients are not reduced by inward migration but rather by 
their adhesion to the endosperm during gelatinization. 
Whatever the true mechanism is for reduced vitamin losses, 
it is an established fact that milled parboiled rice have 
greater nutritional value than milled raw rice.
Parboiling offers several advantages and disadvantages 
to the rice producer and the consumer. Among these advan­
tages are that hulling becomes easier, grain breakage during 
milling is reduced, nutrient content is increased and loss
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of nutrients during washing is reduced. Disadvantages 
include higher production costs, longer cooking time for the 
rice, darker color of the grains and a harder grain texture 
after cooking.
Precooked Infant Rice Cereal. Rice precooked into infant 
cereals are prescribed as the first solid food for babies. 
Rice is considered to be hypoallergenic while wheat and corn 
are most often associated with allergies. Because of this 
rice is usually the cereal of choice for infants in the 
United States (Frazier, 1974) .
Since rice cereal is usually the first cereal fed to 
babies, it is very important that the product be acceptable 
to both the baby and the parent. Consumer acceptance of 
baby cereal is based on several factors. The cereal must be 
easily reconstituted with milk or formula with a minimum of 
lumps, the reconstituted cereal must not be cohesive and the 
quantity of liquid required to reconstitute a given weight 
or volume of cereal must be uniform. This is particularly 
important when cereal is reconstituted with formula from a 
nursing bottle (Kelly, 1985).
Hogan (1967) reported on a manufacturing process for 
precooked cereals. In this process a cereal slurry is first 
prepared and cooked before being dried on a double-drum 
atmospheric dryer. The dried cereal is subsequently flaked
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and packaged. In drying, extreme care has to be taken 
because the thickness of the cereal film on the dryer 
surface, the spacing between the two drums, the drum speed 
and the rheology of the slurry all have an impact on the 
finished product. The rheological properties of the slurry 
is the most difficult to control.
The starch content of rice is very high and thus the 
apparent viscosity can be affected by slight variations in 
the solids content of the slurry. The slurry is held in the 
trough between the dryer rolls and is concentrated by 
evaporaton. The properties of this material are continuous­
ly changing and are difficult to evaluate. As a result, the 
solids, drum speed and drum temperature are adjusted in 
relation to the desired quality of the finished product and 
its rate of production (Kelly, 1985).
Properties of Rice Affecting Baby Food Manufacture. In any 
infant cereal or baby food, reconstitution properties of 
that food are very important to the consumer. These 
properties depend on the control of the diastatic hydrolysis 
of the starch during processing. Therefore gelatinization 
properties of the rice must be known in order to establish 
optimum processing conditions because use of the wrong type 
of rice can result in economic disaster.
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Rice flour is mainly produced from broken grains which 
can be visually inspected to identify the type and quality 
of the grain. It is important that the flour made not be a 
product of mixtures of long and smaller grain rice or 
mixtures of different varieties of rice. These types of 
mixtures significantly influence the gelatinization and 
viscosity properties of the eventual flour, which in turn 
can affect the establishment of the optimum processing 
conditions necessary for the food manufacture.
The starch fraction of rice flours is associated with 
most of the problems in the production of infant rice 
cereal. Significant differences exist between gelatiniza­
tion temperatures of long, medium and short grain rice 
varieties (Halick and Kelly, 1959). This is very important 
knowledge because the malt and fungal o-amylase that is used 
to control the reconstitution properties in rice is rapidly 
inactivated at 70°C. Thus rice with gelatinization tempera­
tures at or above 70°C should be unsuitable in these types 
of foods.
Rice in Formulated Baby Foods. Generally baby foods are 
typical dishes that a parent would normally prepare for the 
family, but they are designed to be more acceptible for the 
baby. These foods are used as supplements to breast milk or 
formula in the constitution of a diet which is nutritionally 
complete and palatable. Commercial baby foods are available
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in a wide variety.
Consistency is a major factor in determining the 
acceptance of baby foods. A consistency that infants and 
parents prefer is one that is soft enough to be swallowed 
easily but thick enough to feed without spilling. It is 
also important that these foods contain nutrients which are 
physiologically appropriate for infants. These foods are 
available in several sizes (strained, junior, toddler and 
chunky particles) to accomodate the needs of the growing 
child (Kelly, 1985).
Because rice is customarily used in the preparation of 
soups, stews, casserole dishes and desserts, it is logical 
that similar products designed for the infant would also 
contain this ingredient. Rice flour plays a significant 
role in adjusting the consistency of baby foods and it also 
provide the larger discrete particles in foods designed for 
the older infant and young child (Kelly, 1985) .
Long grain rice generally have higher amylose content 
than medium or short grain rice. The higher amylose content 
is responsible for the thickening of food products during 
storage and eventually produce rigid gels and water sepera- 
tion. Too strong a gel is undesirable in baby foods, since 
it is difficult for a young baby to masticate.
Gelatinized slurries of most starches produce gels that 
exhibit syneresis upon storage at 4°C. Syneresis is 
associated with a decrease in the solubility of starch.
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Brockington and Kelly (1972) found that long grained rice 
retrograde after five weeks of storage at 4°C and this was 
accompanied by a decrease in serum solids. Decrease in 
serum solids were not noticed in medium-, short-grained and 
waxy rice after ten weeks of storage at 4°C.
From these results it should be anticipated that 
medium- and short-grained rice varieties can be utilized as 
efficient stabilizers in foods. Unless care is taken, rice 
flours may not be suitable stabilizers for acid products 
with a pH of 4.3 or lower. Acid hydrolysis can lead to 
severe thinning of rice starch during processing.
Rice Flour Products
Rice flours are used for the preparation of rice 
noodles, extrusion-cooked baby foods, unleavened breads, 
rice cakes, rice crackers and also in baking among other 
uses.
Rice Noodles. This is the principal form of rice utilized 
in southeast Asia. These products can be fried, mixed with 
meats or be used in soups. Since rice flour does not 
contain gluten which normally acts as a binder in wheat 
flour applications, gelatinization of the starch is required 
as this process will help the flour to attain binding 
properties.
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Noodles are prepared from high amylose rice by wet- 
milling of steeped rice, filtration of the flour most likely 
through a cheese-cloth and then mixing of the resulting cake 
with a stone roller before surface gelatinization by cooking 
in boiling water or steaming. This is followed by kneading, 
extrusion through a hydraulic press with a die, and heat 
treatment of the extruded noodles. The finished product is 
then soaked in cold water before drying in racks (Yokochi,
1975).
Unleavened Bread. Chapati or Roti, an unleavened type flat 
bread, has been made from rice flour (Khan and Eggum, 1978). 
Because of the absence of gluten, rice does not make as good 
a Chapati when compared to the wheaten product. In the 
process, rice flour is mixed with cold or boiling water in 
small increments to prepare the dough, and is well kneaded 
by hand until stiff. Part of this dough is rolled onto a 
wooden board by a rolling pin sprinkled with dry flour to 
prevent the dough from sticking to the pin. The resulting 
circular dough disc can then be baked on a heated flat iron 
plate, ensuring that both sides of the circular disk is 
baked. Doneness is indicated by the appearance of light 
brown spots on both sides of the disk.
Rice Cakes and Crackers. Rice cakes and crackers are foods 
indegenious to the Japanese and are usually prepared from
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waxy milled rice by washing, steaming at 100°C, grinding, 
packing in a plastic film, pasteurizing in 80°C water, and 
cooling (Li and Luh, 1980). During the process, air cannot 
enter the rice cakes, otherwise a uniform texture will not 
be obtained. Air mixed into the cake can cause a decrease 
in viscosity and relaxation modulus when the bubbles expand 
(Horiuchi, 1980).
The finished rice cake (Mochi) is usually cut into 
pieces, toasted, seasoned with soy sauce and then eaten as a 
snack. It can be boiled, fried or steamed, then combined 
with various other foods to be eaten as a meal.
Rice crackers (Senbei) are made from non-waxy rice 
flours. In this process the rice is soaked in water and 
pulverized in a roller mill. The flour produced is then put 
into a steaming kneader to gelatinize the starch. Cooling 
is subsequently achieved by immersing the dough in water 
before extrusion, and then cooling again to reduce sticki­
ness. This cooled dough is then placed in another extruder, 
after which it is rolled into sheets, cut into cracker 
shapes, molded and dried at 70 - 75°C to reduce the moisture 
content to around 20%. This is the raw Senbei, which has to 
be tempered at room temperature then redried to a moisture 
content of 10 - 12% before being baked in an oven at 200- 
260°C. Spices or other flavor enhancers can be coated on 
the cracker surface as desired (Li and Luh, 1980).
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Rice Grain Products
Cooked rice grain products are numerous. Japan has 
been involved in the evolution of many of these products. 
The boiled or cooked rice grain is the best known of the 
rice grain products, but even this somewhat simple task has 
been made into an art and a science by the rice loving 
Japanese population. Among the numerous cooked rice grain 
products are breakfast cereals, quick-cooking rice, and rice 
desserts and sweets.
Breakfast Cereals. Dry breakfast cereals made from rice 
grains are mainly of the ready-to-eat type. They include 
rice flakes, puffed rice, shredded rice cereals and multi­
grain cereals. Rice starch has texture modifying properties 
in formulation and processing conditions and also imparts 
its own unique flavor to a food. Because of these quali­
ties, rice has been given considerable importance in the 
formulation and preparation of breakfast cereals (Brock- 
ington and Kelly, 1972).
The appearance, color, flavor, visual texture, eating 
qualities and the ability to retain its texture in milk 
while being eaten are the essential sensory characteristics 
in an acceptible ready-to-eat cereal product. The food must 
be tender, crisp but not harsh, and not too highly flavored. 
These qualities must be retained throughout its shelf-life.
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The amylose-amylopectin ratio can be used as a judge of good 
rice variety for use in these products because variations in 
puffing, popping and expansion properties appear to be 
related to the shape and physical properties of the grain, 
which in turn is negatively related to its amylose-amylopec- 
tin ratio (Brockington and Kelly, 1972).
Low amylose rice with low gelatinization temperatures 
have been used in the preparation of these products in the 
United States. In other parts of the world, it has been 
found that rice with higher amylose content can produce 
acceptable texture provided that the degree of cooking is 
controlled in order to obtain an acceptable puffed volume. 
The finished product can be coated with different flavor­
ings, sugar syrups, colorings and coatings in order to give 
the food a greater appeal to the consumer. Vitamins, 
minerals and other nutrients can be added to improve the 
nutriional value of the breakfast cereal (Brockington and 
Kelly, 1972).
Quick-Cooking Rice. These rice require significantly less 
time for cooking than the raw milled rice, which takes about 
15 - 25 minutes to cook in boiling water. Low amylose rice 
with low gelatinization temperatures cook more quickly 
because of the smaller particle size of the components 
within the grain when compared to those of rice with higher
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amylose content (Keneaster, 1974).
Different processes for quick-cooking rice are descri­
bed by Luh et al. (1980). These include the soak-boil- 
steam-dry method as are employed in making "Minute Rice", 
the gelatinized-puff-dry method, the dry-heat methods, such 
as are used for easy-to-cook brown rice, and freeze-thaw, 
gun-puffing and chemical treatments such as treatments with 
NaCL, NaOH, a surface-active agent to reduce clumping, and 
disodium phosphate or a fat solvent to remove residual oil. 
It should also be noted that combinations of two or more of 
the above mentioned methods to obtain quick-cooking rice 
have been attempted (Luh and Liu. 1980).
Rice Desserts and Sweets. In Europe, the United States and 
China, low-amylose, short-grained rice is used for the 
preparation of rice puddings. The rice is cooked in boiling 
water, strained and mixed with milk before the completion of 
cooking. Egg yolks, sugar, vanilla, light cream, together 
with a variety of fruit combinations, are other ingredients 
added during the process. In the preparation, it is 
important that the rice be handled carefully to prevent 
formation of lumps and disentegration of the grains (Li and 
Luh, 1980). Canned rice pudding in a milk base with some 
added fruit has been available for some time in both
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Australia and England.
Rice desserts and sweets based on waxy milled rices, 
are prepared mostly in the orient and may be consumed warm 
or cold. The preparation utilizes the sticky, soft nature 
of cooked waxy rice and its slower rate of retrogradation or 
hardening relative to that of non-waxy rice (Juliano, 1980).
In the Philippines, a group of rice cakes (Suman) is 
generally prepared by cooking waxy rice with coconut milk. 
The cooked rice is then wrapped in banana leaves before 
being steamed. There are variations in the methods of 
preparation of these cakes but, basically low gelatinizing 
waxy rices are utilized because their soft neutral gel 
consistency, produce softer products which also remain soft 
longer when stored at 4°C. For these cakes, aroma and 
cohesiveness are the selection criteria used by consumers 
(del Mundo and Juliano, 1981).
Rice Enrichment Methods
Rice is one of the most important of human food sources 
and good nutritional quality of rice is of primary interest 
all over the world. Milled (polished) rice is superior to 
brown rice in palatibility and digestibility; therefore, 
people usually eat milled rice. The milling process, 
however, decreases the quantity of nutrients from that in
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brown rice. Numerous research studies and methods have been 
attempted to enrich and fortify rice grains.
Some of the older methods include making the grains 
into a converted rice product (Huzenlaub, 1953) and an acid- 
parboiled rice process (Kondo et al., 1951) . In both of
these methods, parboiled rice is used and different proced­
ures are employed to adhere nutrients from the bran layer to 
the starchy matrix of the endosperm. More efficient methods 
are now employed.
Coatinq Method. The coating method is most often used to
enrich rice grains today, and it was industrialized by 
Furter and Lauter (1949). Grains are sprayed in a rotary 
cylinder with a solution containing thiamin, riboflavin, 
niacin and minerals and then hot air is blown into the 
cylinder in order to aid the grains in absorbing these 
nutrients, while simultaneously drying the grains. A 
protective coating, which does not dissolve in cold water, 
but does in water above 70°C, is then applied to the grains 
to prevent loss of vitamins through cooking and also to 
distribute the vitamins evenly upon cooking. After drying 
again, talc and ferric phosphate are added, which helps in 
keeping the grains from sticking together. Finally, another 
layer of the protective coating (made up of an ethanol 
solution of Zein, fatty acid -stearic or palmitic and 
abietic acid) is added.
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Multi-nutrient Enriched Rice. This method was developed in 
Japan (Yasumatsu and Moritaka, 1981) and enriches rice with 
eight nutrients, namely, thiamin, riboflavin, nicotinic 
acid, pyridoxine, pantothenic acid, vitamin E, calcium and 
iron. The enriched rice is at a ratio of 1:200 (enriched 
:unenriched).
In this process, polished white rice is soaked in an 
aqueous solution of acetic acid containing the required 
amounts of the water-soluble vitamins. The rice is then 
steamed, dried and coated with vitamin E, calcium and iron, 
seperately, and in different layers. Finally the rice is 
coated with a protective coating material, to prevent the 
loss of the nutrients. The product is then packed in an 
aluminium laminate package with carbon dioxide gas to 
prevent vitamin E destruction during storage. Only about 
10% of any of the nutrients in the enriched rice was lost 
through ordinary washing and cooking.
Electron Microscopy of Rice
Scanning Electron Microscopy (SEM) has been widely 
accepted as a valuable and useful tool in cereal research. 
This technique looks at the surface properties and structure 
of foods.
The most prominent feature in the rice endosperm is the
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tight and compact packing of polygonally shaped, compound 
starch granules in radially arranged endosperm cells. This 
extremely compact endosperm, allows no intergranular spaces 
or voids in the starchy matrix. The result is a hard, 
vitreous kernel with very little soft or floury regions.
Endosperm protein is present in two forms, matrix and 
protein bodies. A protein matrix exists around starch 
granules but is not always evident by the SEM in the central 
endosperm. However, based on Light and Transmission 
Electron Microscope (TEM) studies, Bechtel and Pomeranz 
(1978) concluded that it existed both around the compound 
granules and between individual sub-granules. Discrete 
membrane-bound protein bodies (1-2 vm in size), exist 
throughout the peripheral and central endosperm.
Alhusani (1985) modified rice flour with acetic and 
succinic anhydride and the starch granules of these flours 
were found to be more aggregated into clusters than in the 
unmodified flours. Furthermore, modification with succinic 
anhydride, appeared to give a rougher surface to the starch 
granules when compared with acetic anhydride.
A thorough search of the literature has shown that the 
effect of cross-linking material on the starch granules in 
whole rice grains, has not been investigated. However, 
since white rice contains mostly starch, and cross-linking 
has been shown to increase the strength of rice grains, it 
is reasonable to assume that these treatments will affect
4 0
and possibly cause some changes to the arrangement and 
structure of starch granules in whole rice endosperm.
Chapter III 
Materials And Methods 
Long-grained paddy rice of the Newbonnet variety was 
obtained from the Louisiana Rice Research Station, Crowley, 
Louisiana.
Preparation of Rice Samples
Milling. The paddy was first cleaned in a McGill rice 
cleaner to remove husks, leaves and other extraneous 
material. The paddy was then dehulled using a McGill 
Sheller according to the USDA Handbook (1976) and the brown 
rice weight noted. The brown rice was then milled in a 
McGill Number 2 mill for 60 seconds with weight on the 
leverage arm in order to remove the bran layer from the rice 
grains. These samples were then graded to obtain head rice 
which was the only type used in this study.
The white rice grains were then sealed in polyethylene 
bags under vacuum and stored in the walk-in refrigerator at 
40°C pending future analyses.
Enrichment Formulations
Vitamins. The vitamins used to enrich rice grains in this 
study were prepared in a premix form by Mr. S. L. Wright of
4 1
42
Crowley, Louisiana. The results of several trials indicated 
that three levels of the vitamin premix should be used in 
the enrichment process. Table 1 shows the content of each 
level of the premix.
TABLE 1 
Vitamin Premix Content
PREMIX LEVELS ENRICHMENT LEVELS
Grams of Premix/2OOcr Rice (mo) 1
VITAMINS^ 1 cr. 2 cr. 3 a. LOWER UPPER
THIAMINE 014.5 029.0 043.5 01.70 02.20
RIBOFLAV. 016.4 032.8 049.2 02.00 02.60
NIACIN 193.4 386.8 580.2 20.00 30.00
PYRIDOX. 019.3 038.6 057.9 02.50 03.00
■^NRC (1980); RIBOFLAV. = RIBOFLAVIN; PYRID0X.= PYRIDOXINE. 
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Cross-linking and Enrichment Procedures
Two cross-linking reagents, acetaldehyde under acidic 
conditions and epichlorohydrin under alkaline conditions, 
were utilyzed in this study. The vitamin pre-mixes indi­
cated above, were added with the cross-linking reagents to 
the rice grains in solution. The cross-linking and enrich­
ment procedures are detailed below:-
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Acetaldehvde. (Acidic conditions).
1. Activation
a. Milled white rice (200g) was added to 400 ml water 
in 1 L erlenmeyer flasks and the pH adjusted to between 2.3 
- 2.5 with 0.1N hydrochloric acid.
b. The enrichment nutrients were then added and 
stirred occasionally for 30 min.
2. Cross-linking
a. Cold acetaldehyde was then added to the solutions in
the flasks and stirred. The flasks were then placed in a
water bath and allowed to stand 45 min at 60°C.
3. Neutralization
a. The contents of the flasks were decanted over a
number 45 mesh screen and the grains were washed thoroughly
with running tap water.
b. The grains were then neutralized by adding to a 1.0% 
solution of ascorbic acid for 30 min to eliminate any 
residual acetaldehyde, which could cause an off-color 
appearance in the grains.
4. Drying
a. The rice grains were then air dried at room 
temperature to a moisture content of 10 - 14%.
Epichlorohvdrin. (Alkaline conditions).
1. Activation
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a. Milled white rice (200g), 20g sodium chloride and 
the nutrient premixes were added to 400 ml 0.1N sodium 
hydroxide solution and allowed to stand for 15 min with oc­
casional stirring. The salt aids in reducing the swelling 
tendency of the grains and also increase alkali absorption.
2. Cross-linking
a. Fifty milliliters of freshly prepared 1% 
epichlorohydrin solution (1 ml epichlorohydrin diluted to 
100 ml with 0.1N sodium hydroxide) was added to the flasks 
and allowed to react while on an orbital shaker for 2 hours 
at 150 RPM. The flasks were closed in order to prevent loss 
of the volatile epichlorohydrin.
3. Neutralization
a. The mixture was decanted over a 45 mesh screen and 
then washed thoroughly several times with running tap water.
b. The grains were then resuspended in 400 ml water 
and neutralized to pH 6.5 (approx.) by slowly adding 4 - 5  
ml 4N hydrochloric acid. This process requires about 4 - 8  
hours and helps to remove the yellow discoloration that 
occurs in the grains as a result of the alkaline action .
f
The pH was maintained above 4.0.
4. Drvincr
a. The grains were then thoroughly washed with tap 
water before being air-dried at room temperature to a 
moisture content of 10 - 14%.
All cross-linked and fortified samples were then
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packaged in vacuum packed polyethylene bags before storage 
in the walk-in refrigerator at 40°C pending future use.
Experimental Design
Treatments. The control sample used in this study, was 
untreated white rice of the Newbonnet variety. There were 
two cross-linking treatments with Acetaldehyde and Epichlor­
ohydrin . Each of these treatments were then each divided 
into four enrichment levels of 0, 1, 2, and 3g of the
vitamin mix. The resulting design is shown below :-
Newbonnet Control
A. Acetaldehyde Treated 
Enrichment Levels
1. 0 gram
2. 1 gram
3. 2 grams
4. 3 grams
B. Epichlorohydrin Treated 
Enrichment Levels
1. 0 gram
2. 1 gram
3. 2 grams
4. 3 grams
After the cross-linking and enrichment treatments, 
samples of all the treatments above, including the control, 
were processed (cooked and canned). Hence, samples from 
each enrichment level were split into three groups namely, 
unprocessed (raw), cooked and canned.
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Statistical Arrangement. The statistical arrangement 
resulting from the above organization was a completely 
randomized (CRD) 2*4 Factorial arrangement in the main 
treatments, representing the cross-linking and enrichment 
levels. The processing treatments were designed into a 4*3 
split plot arrangement. Appendix C diagrams the statistical 
design and arrangement of this research.
Processing Procedures
Conventional Cooking. Three samples of each treatment were 
cooked by placing 50 g of rice into beakers of boiling tap 
water. These samples were allowed to boil for 20 min after 
which they were removed from the hot plates and air cooled. 
Excess cooking water was discarded.
Canning. Three 50 g samples of each treatment were placed 
in 303 * 407 c-enamel cans. Each can was filled with
boiling water to about 1/2 inch headspace, then sealed and 
retorted at 121°C (250°F) for 30 min. The cans were then 
rapidly cooled in ice water baths.
All of the processed samples were freeze-dried in order 
to remove excess moisture, a result of the processing condi­
tions. This was necessary to make the grains suitable for 
milling into flours.
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milling into flours.
Prior to nutrient analyses, representative fractions of 
all samples (treated and untreated), were milled into flour 
using a hammer mill. The flours were milled to pass through 
a 60 mesh sieve.
Nutrient Analysis
Moisture. Moisture was determined by the AACC (1976) 
method. Rice flour samples were dried in a procession 
gravity convection oven for two hours at 110°C (+/- 1°C) . 
Moisture was calculated as percent of weight lost by the 
samples.
Protein. Nitrogen content of all rice flours was determined 
using the Technicon automated method with a Technicon 
Autoanalyzer. A conversion factor of 5.95 was used to 
calculate the percent protein from the nitrogen content of 
the flours. Calculation of protein content was necessary 
for determination of amylopectin concentration.
Vitamins. Niacin, thiamine, riboflavin and pyridoxine were 
determined based on the methodologies proposed by AACC
(1976). Color intensities for both niacin and pyridoxine 
were measured using the Gilford Response Spectrophotometer. 
The thiochrome fluorometric assay was used to measure the
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riboflavin were determined using the SLM Instrument Photo- 
fluorometer.
Amvlose/Amvlopectin. These determinations were based on 
the simplified procedure of Juliano (1971). Color inten­
sities, after addition of iodine solutions, were determined 
using the Gilford Response Spectrophotometer.
Amylograph Analysis
Amylograph analysis was conducted using a Brabender 
Model Va-IB Visco/Amylo/Graph.
Sample Preparation and Procedure. A slurry of rice flour 
was prepared for the amylograph by mixing 45 g of rice flour 
and 450 ml of distilled water in the amylograph bowl. This 
slurry was first heated to 3 0°C in the bowl and then heated 
at a constant rate of 1.5°C/min for 43.5 min to 95°C. The 
temperature was then held at 95°C for 15 min before finally 
cooling the slurry down to 50°C at the rate of 1.5°C/min.
Scanning Electron Microscopy of Rice Grains
Grains of the control and cross-linked rices (10 - 14% 
moisture) were first fractured with a heavy object so that 
the inner portion of the starchy endosperm could be ob­
served. These fractured sections were mounted on aluminium 
stubs with double-sided sticky tape. Colloidal silver was 
used to coat the outer perimeter of the sticky tape and the
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aluminium stubs in order to help improve conductivity.
These stubs were then placed in a dessicator attached 
to a vacuum pump and subsequently dried for three hours. 
Afterwards, the stubs were coated in a Hummer 4 machine with 
gold-palladium alloy for 10 min.
Scanning Electron Photomicrographs of the coated 
sections were then taken on a Cambridge Scanning Electron 
Microscope at an accelerating voltage of 20 Kv.
The results of all analysis in this study are given on 
a dry weight basis.
CHAPTER IV 
RESULTS AND DISCUSSION 
Vitamin Analysis of Rice
Vitamins are organic molecules which are needed in 
small amounts in the diet of higher animals who do not 
posses the capacity to synthesize them in amounts required 
to meet their needs. These vitamins are, therefore, essen­
tial for humans and their importance in the diet is under­
scored since most water-soluble vitamins including thiamine 
(Bl) , riboflavin (B2), niacin (B3) and pyridoxine (B6) are 
components of some of the most important co-enzymes which 
are needed for daily bodily functions.
Vitamin enrichment of rice grains takes on added 
importance in the food industry because in some states it is 
mandated that Bl, B2, and B3 must be added to milled rice 
grains in order to replenish the quantities lost during 
milling.
Effect of Cross-linking on Vitamin Content.
The results of the vitamin analysis on the main
f
treatments (control, acetaldehyde and epichlorohydrin 
treated samples) are shown in Table 2. In comparing the 
control (untreated) samples to those cross-linked with 
acetaldehyde and epichlorohydrin, it is apparent that the 
cross-linking treatments significantly reduced the level of
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TABLE 2
Effect of Cross-linking on Vitamin Contents in Main Treatments (mg/lOOg)
Treatment Niacine %Loss Pyridoxine %Loss Thiamine %Loss Riboflavin %Ioss
Control (Untreated) 3.5355a 0.0973a 0.4470a 0.1426a
Acetaldehyde 2.0144b 43.02 0.0817b 16.02 0.0935b 79.08 0.1108b 22.30
Epichlorohydrin 1.7857c 49.49 0.0151c 84.48 0.0344c 92.30 0.0871c 38.92
Means in columns with the same letter are not significantly different fran each other (P < 0.05)
52
each vitamin analyzed. The alkali (epichlorohydrin) 
treated rices are more severely affected than the acid 
(acetaldehyde) treatment. Figure 1 gives a more graphic
demonstration of the vitamin losses.
Vitamin losses due to acidic treatment range from 16% 
for pyridoxine to 79% for thiamine. Alkali losses range 
from 39% for riboflavin to greater than 92% for thiamine. 
For both treatments, thiamine is the vitamin most severely 
affected. Acetaldehyde treatment retained much higher 
levels of each vitamin than the corresponding epichlorohy­
drin treatment. In comparing pyridoxine and thiamine 
contents of the treated samples, it was noticed that the 
amounts are more than twice as much for acidic than alkaline 
treatments. These results support the contention by Harris
(1977) that vitamins are much more stable in acidic than 
alkaline conditions.
It is surmised that the severe washing treatments 
applied to the rice grains after cross-linking, in order to 
neutralize and remove any residual crosslinking material, is 
most responsible for significant reduction in vitamin 
levels. Analysis of Variance (ANOVA) tables (see appendix 
A) indicate that all the vitamins are significantly affected 
by the cross-linking treatments. However, it should be 
noted that these vitamins are water-soluble and are concen­
trated on rice grain surfaces, hence any type of exposure of 
grains to water should remove and reduce significant quanti-
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FIGURE 1. EFFECT OF CROSS-LINKING ON VITAMIN CONTENT IN
MAIN TREATMENTS.
EPIC = EPICHLOROHYDRIN; ACET = ACETALDEHYDE; THIAM = THIAMINE
RIBOF = RIBOFLAVIN; PYRID = PYRIDOXINE.
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ties of these nutrients.
Effect of Cross-linking and Enrichment.
The main objectives of this study appear to have been 
successfully accomplished since the use of the cross- 
linking processes as a means of enriching rice grains with 
vitamins significantly increased the amounts of each vitamin 
over those in the control samples (Tables 3 and 4).
Table 3 indicates that as the level of vitamin mix 
increased in acidic treatments, the quantities of each 
vitamin detected increased above the control values. 
Figures 2 - 5  graphically depict the effect of enrichment 
treatment on each individual vitamin.
Increases in the content of each individual vitamin 
were between 178 - 547%, 8 - 142%, 94 - 500%, and 37 - 163% 
for niacin, pyridoxine, thiamine and riboflavin, respective­
ly. At the 1 gram enrichment level, pyridoxine content was 
lower than the control, however, at the higher enrichment 
levels, the quantities found were significantly higher than 
the contol.
Table 4 reflects the results of the amount of each 
vitamin detected after alkaline cross-linking and enrichment 
processes. On the whole, the results indicate that predic­
tion of increases in vitamin content with increase in 
enrichment levels, is difficult. Niacin had an increase 
(78%) at the 1 gram level but was decreased (58.4 and 0.16%,
mu-i
Table 3
Effect of Acidic Cross-linking and Enrichment on Vitamin Content (mg/lOOg)
Treatment
Enrichment
Level Niacin %Increase Pyridoxine %Increase Thiamine %Increase Ribo %Increase
Control - 3.5355d 0.0973c 0.4470d 0.1426d
Acet 0 2.0144e -43.02 0.0817d -16.03 0.0935e -79.08 0.1108e -22.30
Acet 1 9.8529c 178.68 0.0890d -8.53 1.0587c 136.85 0.1964c 37.73
Acet 2 14.6234b 313.62 0.1058b 8.74 1.3154b 194.27 0.2163b 52.38
Acet 3 22.9071a 547.92 0.2356a 142.14 2.6853a 500.74 0.3754a 163.25
Means in columns with the same letters are not significantly different fran each other (P < 0.05)
Acet = Acetaldehyde. Ribo = Riboflavin
vOm
Table 4
Effect of Alkaline Cross-linking and Enrichment on Vitamin Content (mg/lOOg)
Treatment
Enrichment
Level Niacin %Increase Pyridoxine %Increase Thiamine %Increase Ribo %Increase
Control - 3.5355b 0.0973b 0.4470b 0.1426a
Epic 0 1.7857c -49.49 0.0151e -84.48 0.0344d -92.30 0.0871d -38.92
Epic 1 6.3002a 78.20 0.0745d -23.43 0.1091c -75.59 0.1033c -27.56
Epic 2 1.4717d -58.37 0.0865c -11.10 0.0401d -91.03 0.01004c -29.59
Epic 3 3.5299b -0.16 0.1044a 7.30 0.7580a 75.00 0.1189b -16.62
Means in columsn with the same letters are not significantly different frcm each other (P < 0.05)
Ribo = Riboflavin; Epi = Epichlorohydrin
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FIGURE 2. EFFECT OF CROSS- LINKING ON NIACIN CONTENT IN 
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ACET = ACETALDEHYDE; EPIC = EPICHLOROHYDRIN.
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respectively) at the 2 and 3 gram level when compared to the 
control. Pyridoxine, thiamine and riboflavin contents were 
below those of the control at the 1 and 2 gram levels, 
however, these contents were significantly increased over 
the control at the 3 gram level for pyridoxine and thiamine 
(7.3, 75.0%). Riboflavin, however, was decreased 16.6%.
Figures 2 - 5  also graphically represent the effects of 
alkali treatments on the vitamin results and display the 
inconsistencies that these treatments induce with respect to 
the individual vitamins. These erratic results are further 
proof that alkali conditions are generally unsuitable for 
water-soluble vitamins. In comparing the acetaldehyde and 
epichlorohydrin treatments it is clearly displayed that the 
vitamin contents under acidic conditions are significantly 
higher at all levels than for those under alkaline condi­
tions. ANOVA tables (see appendix A) show that the level of 
added vitamins significantly affected the vitamin contents 
in the rice grains.
With the results portrayed above in mind, it seems 
appropriate at this point to suggest that vitamin enrichment 
should be conducted under acidic conditions (acetaldehyde) 
at the 3 gram enrichment level.
Effect of Processing.
The effect of processing (cooking and canning) condi­
tions on the main treatments (control, acetaldehyde and
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epichlorohydrin) are shown in Tables 5 - 7 .  From these 
tables, it is very evident in all three treatments, that 
cooking and canning significantly reduces vitamin content of 
rice grains. The raw samples (no processing) had higher 
contents in all instances.
In the control samples (Table 5), vitamin contents are 
less affected by canning than by cooking except in the case 
of thiamine where this trend is reversed. Thiamine suffered 
the most losses due to processing (44 and 63% for cooking 
and canning, respectively). The losses for the other 
vitamins ranged between 7 - 12% and 11 - 23% for canning and 
cooking, respectively. These results support an earlier 
report (Harris, 1977) that thiamine is the vitamin most 
seriously affected by heat processing. Yasumatsu and 
Moritaka (1981) also reported that cooking reduces vitamin 
content about 10% in rice grains. The latter report is more 
compatible with the results obtained in this study and are 
not as high as the losses of 50% and greater reported in the 
earlier studies.
Among the other main treatments (acetaldehyde and 
epichlorohydrin in Tables 6 and 7, respectively), it is seen 
that even though processing further reduces the amount of 
each vitamin detected, the acidic treated samples had higher 
contents when compared to their corresponding alkali 
samples. Futch (1978), in comparing the quality of cooked 
and canned parboiled rices, cross-linked under acidic
m
vo
Table 5
Effect of Processing on Controls (mg/lOOg)
Treatment Process Niacin %Loss Pyridox %Loss Thiamine %Loss Ribo %Loss
Raw 3.5355a 0.0973a 0.4470a 0.1426a
Control Cooked 2.7157c 23.19 0.0862b 11.41 0.2495b 44.18 0.1162c 18.51
Canned 3.1044b 12.19 0.0870b 10.59 0.1635c 63.42 0.1318b 7.57
Means in columsn with the same letters are not significantly different fran each other (P < 0.05)
Pyridox = Pyridoxine; Ribo = Riboflavin
Table 6
Effect of Processing on Acidic Controls (mg/lOOg)
Treatment Process Niacin %Loss Pyridox %Loss Thiamine %Loss Ribo %Loss
Raw 2.0144a 0.0817a 0.0935a 0.1108a
Acetaldehyde Cooked 1.3920c 30.89 0.0757b 7.34 0.0889a 4.92 0.0982b 11.37
Canned 1.7865b 11.31 0.0743b 9.06 0.0422b 54.87 0.0996b 10.11
Means in columns with the same letters are not significntaly different fran each other (P < 0.05)
Pyridox = Pyridoxine; Ribof = Riboflavin
m
vo
Table 7
Effect of Processing on Alkali Controls (mg/lOOg)
Treatment Process Niacin %Loss Pyridox %Loss Thiamine %Loss Ribof %Loss
Raw 1.7857a 0.0151a 0.0344a 0.0871a
Epic Cooked 1.1827b 33.77 0.0157a 0.0276a 19.77 0.0752b 13.66
Canned 1.0576c 40.77 0.0135a 10.60 0.0346a 0.0764b 12.28
Means in columns with the same letters are not significantly different fran each other (P < 0.05)
Pyridox = Pyridoxine; Ribof = Riboflavin; Epic = Epichlorohydrin.
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conditions with acetaldehyde and under alkaline conditions 
with sodium trimetaphosphate (STMP), found that acetaldehyde 
was superior to STMP modification with regards to vitamin 
retention. The raw samples once again reflected higher 
values than those that were processed. A closer look at the 
alkali samples revealed that there was not much difference 
when comparing the losses of the two cooking processes. In 
fact, for some of the vitamins (pyridoxine and thiamine), 
there was no difference between the raw and processed
samples. This is possibly a result of the cross-linking and
severe washing treatments causing such a great reduction in 
the vitamin contents of the grains that the small quantities 
remaining were probably situated within the starchy en­
dosperm and were thus not much affected by processing.
Tables 8 - 1 1  show results of the processing treat­
ments on individual vitamin contents after those treatments 
had been enriched. All samples were compared to the 
control. Losses due to processing are reflected for each 
vitamin at all enrichment levels, this was expected. Acidic 
enrichment at all levels (1, 2, and 3 grams), however,
significantly increased vitamin contents, even after 
processing, above the amounts found in the control. An 
exception was in the case of pyridoxine, where at the 1 gram 
enrichment level the amount detected was still significantly 
lower than the control. Also, at the 2-gram enrichment 
level, even though the content is elevated above control,
Table 8
Effect of Processing on Niacin Contents in Enriched Samples (mg/lOOg)
Treatments
Vitamin 
Level(s)
Process
Raw Cooked Canned
Contois 0 3.5355a 2.7157b 3.1044a
Acet 1 9.8529a 7.4857b 7.9108c
EPI 1 6.3002a 2.1384b 1.9293b
Acet 2 14.6234a 11.3414b 12.3731c
EPI 2 1.4717a 1.4927a 1.6201a
Acet 3 22.9071a 16.6527b 16.4571b
EPI 3 3.5298a 3.4148a 3.2545a
Means in Rcws with the same letters are not significantly different from each other (P < 0.0b)
ACET = Accetaldehyde; EPI = Epichlorohydrin
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Table 9
Effect of Processing on Pyridoxine Contents in Enriched Samples (mg/lOOg)
Treatments
Vitamin 
Level(s)
Process
Raw Cooked Canned
Controls 0 0.0973a 0.0862b 0.0870b
Acet 1 0.0890a 0.0718b 0.0735b
EPI 1 0.0745a 0.0672b 0.0652b
Acet 2 0.1058a 0.0883c 0.0934b
EPI 2 0.0865a 0.0797b 0.0712c
Acet 3 0.2356a 0.2073b 0.1067b
EPI 3 0.1044a 0.0878b 0.1016b
Means in rcws with the same letters are not significantly different frcm each other (P < 0.05) 
Acet = Acetaldehyde; EPI = Epichlorohydrin
O '!
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Table 10
Effect of Processing on Thiamine Contents in Enriched Samples (mg/lOOg)
Treatments
Vitamin 
Level(s)
Process
Raw Cooked Canned
Controls 0 0.4470a 0.2495b 0.1635c
Acet 1 1.0587a 0.9800b 0.9241c
EPI 1 0.1091a 0.0452b 0.0416b
Acet 2 1.3154a 1.1140b 1.0542c
EPI 2 0.0401b 0.0188b 0.0821a
Acet 3 1.6853a 2.6662a 1.2300b
EPI 3 0.7580a 0.1518b 0.1700b
Means in rows with the same letters are not significantly different frcsn each other (P < 0.05)
Acet = Acetaldehyde; EPI = Epichlorohydrin
Table 11
Effect of Processing on Riboflavin Contents in Enriched Samples (mg/lOOg)
Treatments
Vitamin 
Level(s)
Process
Raw Cooked Canned
Controls 0 0.1426a 0.1108b 0.0871c
Acet 1 0.1964a 0.1710b 0.1727b
EPI 1 0.1033a 0.0924b 0.0924b
Acet 2 0.2173a 0.1899b 0.1902b
EPI 2 0.1004a 0.0942b 0.0909b
Acet 3 0.3754a 0.3165c 0.3242b
EPI 3 0.1189a 0.1034b 0.1116a
Means in rows with the same letters are not significantly different fran each other (P < 0.05)
Acet = Acetaldehyde; EPI = Epichlorrohydrin
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processing reduces that amount below the control value. 
These results are better reflected in Figures 6 - 9  where 
the effects of the processing treatments are graphically 
depicted when compared to the control.
Results of the epichlorohydrin treated rices once again 
relected the instability of these vitamins in alkaline 
conditions (Tables 8 - 11). Generally, the only trend that 
can be discerned from these tables and Figures 10 - 13 is 
that raw samples have higher individual vitamin contents 
than corresponding processed samples. On the whole /enrich­
ment did not increase the vitamin contents above the amounts 
found in the control, because of processing. The ANOVA 
tables (Appendix A) suggest that the type of processing sig­
nificantly affected vitamin contents.
In summary it may be stated that vitamins are much more 
stable in acidic than alkaline conditions when cross-linking 
and processing treatments take place (Tables 2 - 1 1  and 
Figures 1 - 13). Hence acidic treatments are more conducive 
for the acceptance and retention of individual vitamins than 
under alkaline conditions. Cooking and canning rice grains 
reduce vitamin contents below amounts detected in unproces­
sed (raw) rices. Acidic enrichment, however, enables the 
grains even after processing, to retain higher amounts of 
vitamins than those found in the control. As a result of 
this cross-linking process (acidic), rice grains are able to 
entrap nutrients within their endosperm where they become an
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FIGURE 6. EFFECT OF PROCESSING ON NIACIN CONTENT IN ACETALDEHYDE
CROSS-LINKED RICE GRAINS.
CON = CONTROL: ACET = ACETALDEHYDE.
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FIGURE 8. EFFECT OF PROCESSING ON THIAMINE CONTENT IN 
ACETALDEHYDE CROSS-LINKED RICE GRAINS.
CON = CONTROL; ACET = ACETALDEHYDE.
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FIGURE 12. EFFECT OF PROCESSING ON THIAMINE CONTENT IN
EPICHLOROHYDRIN CROSS-LINKED RICE GRAINS. 
CON = CONTROL; EPI = EPICHLOROHYDRIN.
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integral part of rice starch granules such that severe 
washing treatments and extreme processing conditions, are 
unable to remove and reduce significant quantities of 
enriched vitamins to make this process unfeasible.
The acetaldehyde treatment is less tedious and time 
consuming than the epichlorohydrin treatment because the 
long neutralization period ( 4 - 8  hours) needed to remove 
the yellow discoloration, which is occurs with alkali 
treatment, and to reduce the pH, is not necessary. The 
relative ease and simplicity of the acidic process makes it 
a very attractive proposition with significant industrial, 
economical and nutritional benefits and applications.
At present, the preferred method of enriching rice 
grains is by coating. This process involves considerable 
expense and when compounded with the vitamin losses realized 
through washing and cooking, it could be concluded that it 
is not a very sound system. It is visualized that the 
acidic process would require a minimum amount of initial 
capital with the majority of the expense being attributed to 
the drying phase of the process. No significant outlay of 
capital is envisioned for maintenance after such a process 
is begun.
In terms of nutritional benefits, the vitamins used in 
this study are all essential for growth and maintenance of 
normal bodily functions. Also, other water-soluble vitamins 
and minerals could be included in the nutrient mix.
81
Consumers and health conscious persons, utilizing such a 
rice product could be assured that they are receiving more 
than the U.S. recommended daily allowances for vitamins and 
minerals.
Non-utilized water-soluble vitamins after consumption, 
are excreted mainly in the urine and or in perspiration. 
This reduces the concern for toxic effects through over 
consumption of these vitamins since there is no accumulation
i
in the body. However, in order to allay the concerns of all 
interested parties, enriched rice could be mixed with 
unenriched. This could reduce the large quantities of 
individual vitamins that this process contributes.
Changes in Properties of Starch
Starch is the major component of rice grains, compris­
ing over 90% of the proximate content. The cross-linking 
process is used to reinforce the existing hydrogen bonds of 
starch molecules. This is accomplished by forming chemical 
linkages between adjacent hydroxyl units of starch chains, 
thus strengthening the rice grains. Since rice starch 
content is so predominant, it is presumed that when any 
process causes changes in the make up of the starch 
granules, changes in the starch composition can also occur 
as well as in its functional properties and its structural 
formation.
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Effect of Cross-linking on Structural Formation.
The Scanning Electron Microscope (SEM) which can be 
used to examine the surface structure of samples, was used 
to study the structural appearance of the starch granules 
within the rice grain endosperm.
Illustration 1 depicts the starch structure of the 
control (untreated) rice grains. The granules shown are 
basically compound in nature having polygonal shapes in 
compact arrangement. This arrangement allows little or no 
space between each granule. These findings on the structure 
of starch granules in rice grains agree with previous 
studies (Del Rosario et al., 1968; Rooney et al., 1982). A 
few globular protein bodies can be seen interspersed between 
the tight packing of the individual starch granules.
The granules of the acidic (acetaldehyde) cross-linked 
starches (Illustrations 2 and 3) show an abundance of 
simpler starch granules with just a few compound bodies. It 
would appear that the acidic treatment is breaking down the 
compound granules into simpler starch bodies. This is 
probably a result of acid breaking the glycosidic bonds 
of the starch chains resulting in shortening of chain 
lengths.
Grains cross-linked under alkaline (epichlorohydrin) 
conditions show starch granules with a predominance of 
compound over simpler starch granules (Illustrations 4 and 
5). It appears that even though there is some (minor)
ILLUSTRATION 1 SCANNING ELECTRON MICROGRAPH (SEM) OF CONTROL RICE GRAIN. 
C = COMPOUND GRANULES; P = PROTEIN BODIES.
ILLUSTRATION 2. SEM OF ACETALDEHYDE CROSS-LINKED RICE GRAIN. DEPICTED ARE A FEW 
COMPOUND GRANULES (C) AND NUMEROUS SIMPLE GRANULES (S).
in
co
ILLUSTRATION 3. SEM OF ACETALDEHYDE CROSS-LINKED AND VITAMINS ENRICHED RICE GRAINS.
C = COMPOUND GRANULES; S = SIMPLE GRANULES.
ILLUSTRATION 4. SEN OF EPICHLOROHYDRIN CROSS-LINKED RICE GRAIN. DEPICTED ARE SIMPLE 
GRANULES (S), COMPOUND GRANULES (C) AND PROTEIN BODIES (P).
CO
ILLUSTRATION 5. SEM OF EPICHLOROHYDRIN CROSS-LINKED AND VITAMINS ENRICHED GRAINS.
P = PROTEIN BODIES; C = COMPOUND GRANULES.
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breakdown of compound into simpler starches, it is not as 
extensive as under acidic conditions. In these treatments, 
both the compound and simple granules appear to be somewhat 
flattened and more closely compacted together. It has been 
observed that starches are more stable in alkaline than 
acidic conditions (Whistler and Paschall, 1967) hence this 
is probably why only a few of the compound bodies are 
hydrolyzed to simpler starches.
Effect on Starch Composition.
Table 12 represents the content of amylose and amylo- 
pectin, the major components of starch in rice grains, 
before and after the cross-linking processes. Amylose 
content of the control (11.7%), indicates that this variety 
(Newbonnet) can be classified as non-waxy and low amylose 
(Juliano, 1972). The total starch content in the grains 
averages about 91% throughout.
Generally, acidic crosslinking appears to increase the 
amylose content above the control value. It is known that 
acid will break the glycosidic bonds of starch and it has 
been suggested that the a-D-(l,6) linkages are more 
resistant to acid hydrolysis than the o-D-(l,4) linkages 
(Swanson and Cori, 1948). The results of this study appear 
to suggest that acidic treatment is preferentially breaking 
the a -(1,6) linkages of the starch granules. These results
<7\
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Table 12
Effect of Cross-linking on Starch Content (%)
Treatments Level Amylose Content Amylopectin Content Total Starch
Control 0 11.7743c 79.6559c 91.4302
Actaldehyde 0 13.1572a 77.8107a 90.9679
1 10.0365de 81.3744de 91.4109
2 12.0105b 79.0355b 91.0460
3 10.7581d 80.6846d 91.4427
Epichlorodhydrin 0 9.5753e 82.2335ef 91.8088
1 9.2547e 82.5548f 91.8095
2 10.0307de 81.841def ■ 91.8718
3 10.8171c 80.9924d 91.8095
Means in columns with the same letters are not significantly different from each other (P < 0.05)
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are compatible with those of Kerr (1950) who found that 
amylopectin fractions in acid solutions are preferentially 
degraded. He reasoned that this fraction must be more 
accessible to the acid than amylose and it is probably 
located in the more amorphous regions of the starch while 
amylose is probably located in the more crystalline areas.
Acid treated amylopectin results suggest that as 
amylose content increases, amylopectin decreases. ANOVA 
tables (Appendix B) indicate that cross-linking treatments 
have highly significant effect on starch composition. Also 
correlation coefficients (Table 16) show a high negative 
correlation between amylose and amylopectin, supporting the 
assumption that increased amylose content has a negative 
effect on amylopectin.
Rices cross-linked with alkali have significantly lower 
amylose values than the control while the amylopectin 
results are higher than both the control and the correspond­
ing acid treated samples. This appears to indicate that 
these conditions may also have a depressing and reducing 
effect on amylose content along with starch being more 
stable in alkali than in acid conditions.
Generally, when the information from the SEM and the 
analysis of the starch content is combined, there appears to 
be a correlation. Acid treatments tend to break down the 
larger compound bodies into simpler starch granules. This 
is reflected in the increased amylose content. On the other
9 1
hand, SEM and starch analysis suggest a stabilizing effect 
of alkali on starch along with a depressing effect on 
granule conformation and also amylose content.
Effect on Gelling Properties.
Starch gelatinization data were compiled using the 
Brabender Visco/Amylo/Graph. Table 13 and Figure 14 are 
representations of main treatment results. Gelatinization 
temperatures (above 74°C) indicate that these rices are of a 
high gelling variety (Beachell, 1967). In comparing the 
cross-linked samples to the control, it is noticed that both 
acidic and alkali treatments increased the initial gelatini­
zation time and the gelatinization temperatures. This is an 
indication that the cooking time for these treated samples 
should also increase (Nagato and Kishi, 1966). Peak 
viscosity for acidic and alkali rices are higher and lower, 
respectively, than the control, while on the other hand, 
cold paste viscosity (at 50°C) and setback viscosity 
indicate lower and higher values, respectively, for these 
two treatments. Figure 14 gives a better description of 
these results and shows that even though the setback for 
acidic rice is negative, overall, the value is not much 
lower than the control. This could indicate that this rice 
has usefullness in foods requiring a less than solid gel on 
cooling. Alkali treated rice show the best gel profile on
CM<3\
Table 13
Gelatinization and Pasting Characteristics of Main Treatments
Treatments
Initial 
Gel Time 
(°C)
Gel
Temp
(0c)
Gel
Time
(Min)
Peak
Time
(Mins)
Peak
Temp
(°C)
Peak
Viscosity
(BU)
Vise.
50°C
Setback
New Bonnet 
Control 30.0 75.00 13.0 43.0 94.50 580 710 130
Acetadehyde
Control 31.5 77.25 12.5 44.0 95.00 780 600 -180
Epichlorohydbrin
Control 31.5 77.25 11.0 42.5 93.75 565 1000 >335
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FIGURE 14. EFFECT OF CROSS-LINKING ON GELATINIZATION PROPERTIES IN MAIN TREATMENTS.
ACET = ACETALDEHYDE; EPIC = EPICHLOROHYDRIN.
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cooling.
Tables 14 and 15 and Figures 15 and 16 compare the 
control sample to the cross-linked samples to which vitamin 
mixes have been added. The data from these tables and 
graphs reinforce the information gained from the main 
treatments and also indicate that addition of vitamin mixes 
to the cross-linking treatments does not seem to influence 
the gelling properties of the acidic starches. Further 
evidence is that the graph of the main acid treatment can 
serve as a template for these treatments with vitamins.
Acidic treatments influence higher initial gelling 
times, gelling temperatures, peak times and temperatures and 
peak viscosity, but lower cooling viscosity than the 
control. The alkali treatments also have higher initial 
gelling times and gelling temperatures, but their peak 
viscosity is lower than the control while the cooling and 
setback viscosities are higher. From these results, it can 
be seen that with increase in amylose content (in acidic 
rices) there are increases in peak viscosity and conversely 
with decrease in amylose content (in alkali rices) there are 
subsequent decreases in the peak viscosity. These phenomena 
seem to suggest that peak viscosity is highly dependent on 
the amylose fraction of the starch.
Correlation coefficients of the starch properties 
(Table 16) indicate that for acidic treatments, there is a 
high positive relationship between amylose and peak visco
mc\
Table 14
Gelling Characteristics under Acidic Conditions
Treatments
Initial 
Gel Time 
(°C)
Gel
Temp
(Min)
Gel
Time
(°C)
Peak
Time
(Mins)
Peak
Temp
(°C)
Peak
Viscosity
(BU)
Vise.
50°C
Setback
New Bonnet 
Control 30.0 13.0 75.0 43.0 94.50 580 710 130
Acetadehyde
Control 31.5 12.5 77.25 44.0 95.00 780 600 -180
Acetadehyde 
(1 gram) 31.5 13.0 77.25 44.5 95.00 820 570 -250
Acetahdehyde
(2g) 32.0 12.0 78.00 44.0 95.00 760 700 -60
Acetadehyde
(3g) 32.0 12.0 78.00 44.0 95.00 775 680 -95
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FIGURE 15. EFFECT OF ACETALDEHYDE CROSS-LINKING ON GELATINIZATION PROPERTIES IN RICE STARCH
ACET = ACETALDEHYDE.
Table 15
Gelling Characteristics under Alkaline Conditions
Treatments
Initial
Gel Time 
(Min)
Gel
w
Gel Peak
Tima
(Mins)
Peak Peak
Viscosity
(BU)
Vise.
50°C
Setback
New Bonnet 
(Control) 30.0 13.0 75.00 43.0 94.50 580 710 130
Epichlorohydrin
(Control) 31.5 11.0 77.25 42.5 93.75 565 1000 325
Epichlorohydrin 
(1 gram) 31.5 12.5 77.25 44.0 95.00 290 1000 710
Epichlorohydrin 
(2 gram) 31.5 11.5 77.25 43.0 94.50 480 1000 520
Epichlorohybrin 
(3 gram) 32.5 12.0 78.75 44.5 95.00 480 940 460
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Table 16
Correlation Coefficients under Acid Treatments
Amylose Amylopectin Gel Time Peak Viscosity Set back
Amylose 1.000 -0.99811 0.23124 0.84361 -0.84361
0.000 0.0392 0.8514 0.3609 0.3609
Amylopetin -0.99811 1.0000 -0.29064 -0.80899 0.80899
0.0392 0.0000 0.8123 0.40000 0.4000
Gel Time 0.23124 -0.32733 1.0000 -0.32733 0.32733
0.8514 0.7877 0.0000 0.7877 0.7877
Viscosity 0.84361 -0.80899 -0.32733 1.00000 -1.00000
0.3609 0.40000 0.7877 0.0000 0.0000
Set Back -0.84361 -0.80899 -0.32733 1.0000 1.0000
0.3609 0.4000 0.7877 0.0000 0.0000
1 0 0
sity which agrees with the findings of Primo et al., (1960). 
However, there are high negative correlations between 
viscosity and amylopectin , and setback, suggesting that the 
acid influences a lowering of the setback viscosity. This 
information should be examined in the context that acid 
treatments produced much higher peak viscosity than the 
control and even though the setback viscosities have 
negative numbers, the values are still as high as those for 
the control. Peak viscosity and setback are negatively 
correlated.
Alkali treated rices have correlation coefficients 
(Table 17) which show amylose to be positively correlated to 
peak viscosity while amylose and peak viscosity are nega­
tively correlated to setback. It has been shown that the 
amylose content and viscosity of starch under alkaline 
conditions are lower than the control, while the setback 
values are very much higher. Therefore, it appears that as 
the amylose content decreases, the setback viscosity 
increases. This may be an indication that these starches 
would form very rigid gels on cooling.
Potential for Cross-linked Starches
The information gained from the starch analysis and the 
gelatinization studies suggest that cross-linked rice 
starches have the potential for wider application in the
Table 17
Correlation Coefficients under Alkaline Treatments
Amylose Amylopectin Gel Time Viscosity Set back
Any lose 1.0000 0.73027 0.99697 0.79697 -0.99697
0.0000 0.4788 0.0496 0.496 0.0496
Amylopectin 0.73027 1.0000 0.78118 -0.78118 -0.78118
0.0000 0.0000 0.4292 0.4292 0.4292
Gel Time 0.99697 0.78118 1.0000 -1.0000 -1.0000
0.0496 0.4292 0.0000 0.0000 0.0000
Viscosity 0.79697 -0.7811 -1.0000 1.0000 -1.0000
0.0496 0.4292 0.0000 0.0000 0.0000
Set Back -0.99697 -0.78118 -1.0000 -1.0000 1.0000
0.496 0.4292 0.0000 0.0000 0.0000
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food industry making rice flours and starches much more 
utilized and valuable than at present.
Currently, the starches and flours from rice are 
underutilized because manufacturers have found that the 
viscosities and gelling properties were inferior to tradi­
tional starches (i.e. corn starch). Acidic cross-linking, 
however, appears to solve this problem in that it increases 
the peak viscosity of rice starches during heating cycles 
while maintaining a gel that is not very rigid on cooling. 
These properties make the flour much more competitive with 
others which have been traditionally used. When such 
improvements are coupled with the fact that these flours now 
have significantly improved nutritional value (increased 
vitamin content), the potential exists for rice producers 
and the rice industry as a whole, to be a more viable 
economic and productive sector of the economy.
In areas where rice is utilized abundantly, it is used 
primarily as the main course in meals. However, many people 
limit their consumption because of their concern that rice 
donates mainly calories to the diet. With increased vitamin 
content and in this health conscious society, consumers can 
now be induced to increase their rice consumption.
Also, during the rice milling process, about 35% of the 
rice grains are broken and are subsequently used as feed for 
animals. With this process, these broken grains can be 
converted into flour and then be used as thickeners,
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binders, stabilizers and gelling agents in numerous food 
applications. Some of the applications in which these rice 
can be utilyzed as replacements for other starches are in 
gum confections, cakes, canned and creamed soups, gravies, 
baby foods, fruit pie fillings, cream style corn, spaghetti 
sauces and desserts of various types.
The results obtained in this study suggest that there 
is a future for acidic cross-linked, vitamin enriched rices 
in the areas of research, food development and production, 
and rice utilization.
CHAPTER V 
Summary and Recommendations
Cross-linked rices appear to perform better under 
acidic (acetaldehyde) than alkaline (epichlorohydrin) 
conditions. This process was shown to be successful in 
allowing nutrients (vitamins) to penetrate the surface of 
rice grains and then interract and become an integral part 
of the rice starch matrix. Because vitamins are entrapped 
within the starchy endosperm of rice grains, they are better 
able to withstand severe washing and processing (cooking and 
canning) treatments. The enriched rices have a much better 
nutritional profile (in terms of vitamin content) than the 
normal (control) rice.
The acidic cross-linked process increased the peak 
viscosities but did not have much influence on the cooling 
viscosities of rice flours. It would appear that these 
starches would be useful in applications requiring low pH, 
mechanical agitation and a gel that is not very thick on 
cooling. This process, therefore, appears to increase the 
commercial applications in which rice and rice starches can 
be used.
Below is a list of recommendations for future research 
as a result of this study:-
1 0 4
1. The bioavailability and toxicity of acetaldehyde cross- 
linked rices should be determined.
2. The use of other nutrients (amino acids, minerals,
etc.) should be attempted in future enrichment studies.
3. Sensory and flavor evaluation of the cross-linked
enriched rices should be attempted.
4. A study comparing the functional properties of the
processed flours with other food starches.
5. A study of the substitution of rice for other flours in 
different food applications.
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4 Appendix: A.l
Analysis of Variance Procedure
Dependent Variable: Niacin 
Source DF SS MS F Value Pr > F
Rep 2 0.043 0.021 0.41 • 0.6686
Cross 1 1142.890 1142.890 21983.58** 0.0001
Vitl 3 826.713 2275.571 5300.63** 0.0001
Cross* Vitl 3 587.801 195.933 3768.80** 0.0001
Error A (Rep * Cross* Vitl) 14 0.727 0.051 0.97 0.5006
Proc 2 70.374 35.187 658.12** 0.0001
Cross * Proc 2 11.842 5.921 110.74** 0.0001
Vitl * Proc 6 23.296 3.882 72.62** 0.0001
Cross * Vitl * Proc 6 39.830 6.638 124.62** 0.0001
Error B 32 1.710 0.053 - -
Totals 71 2705.231
* = P< 0.05
** = P < 0.01
Cross = Cross linking; Vitl = Vitamin Level; Proc = Processing
11
5 Appendix: A. 2
Analysis of Variance Procedure
Dependent Variable: Thiamine
Source DF SS MS F Value Pr > F
Pep 2 0.0014 0.000 0.97 0.3891
Cross 1 20.2863 20.286 20636.16** 0.000
Vit. Level 3 18.0479 6.0159 6119.71** 0.0001
Cross * Vitamin Level 3 10.2721 3.4240 3483.08 0.0001
Error A 14 0.0138 0.0009 1.33 0.2441
Proc 2 0.4456 0.2228 301.57** 0.0001
Cross * Proc 2 0.0883 0.0441 301.57** 0.0001
Vitl * Proc 6 0.4648 0.0775 104.84** 0.0001
Cross * Vitl * Proc 6 0.2723 0.0454 62.43** 0.0001
Error B 32 0.0236 0.0007
Totals 71 49.9162
* = P < 0.05
** = P < 0.01
^  Appendix: A.3
Analysis of Variance Procedure
Dependent Variable; Pyridoxine
Source DF SS MS F Value Pr > F
Rep 2 .0000 0.000005 0.610 0.5499
Cross 1 0.0482 0.0482 12577.62** 0.0001
Vitl 3 0.1211 0.0404 10534.36** 0.0001
Cross Vitl 3 0.0343 0.0114 2984.85** 0.0001
Error A 14 0.0000 0.000004 0.50 0.9178
Proc 2 0.0043 0.0012 150.32** 0.0001
Cross * Proc 2 0.0023 0.002 22.27** 0.0001
Vitl * Proc 6 0.0006 0.0001 13.666** 0.0001
Cross * Vitl * Proc 6 0.0004 0.00007 9.31** 0.0001
Error (B) 32 0.0002 0.000008 - -
Totals 7 1 0.2076
* = P < 0.05
** = P < 0.01
11
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Appendix: A.4
Analysis of Variance Procedure
Dependent Variable: Riboflavin
Source DF SS MS F Value Pr > F
Rep 2 0.0000 0.0000 0.61 0.5499
Cross 1 0.0482 0.0482 12577.62** 0.0001
Vit Level 3 0.1211 0.0403 10534.36** 0.0001
Cross * Vitl 3 0.3431 0.0114 2984.85** 0.0001
Error A 14 0.0000 0.0000 0.50 0.9178
Proc 2 0.0023 0.0011 150.32** 0.0001
Cross * Proc 2 0.0003 0.0000 22.27** 0.0001
Vitl * Proc 6 0.0063 0.0001 13.66** 0.0001
Cross * Vitl * Proc 6 0.0004 0.0000 9.31** 0.0001
Error B 32 0.0002 0.0000 - -
Totals 7l 0.2076
* = P < 0.05
** = P < 0.01
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Analysis of Variance Procedure (Starch)
Appendix B.l
Dependent Variable Amy lose:
Source DF SS MS F Value Pr > F
Rep 2 1.026 0.513 1.83 0.1974
Cross 1 14.811 14.811 52.71** 0.0001
Vitl 3 9.996 3.332 11.86** 0.001
Cross * Vitl 3 11.235 3.745 13.33** 0.0001
Error 14 3.934 0.281
Total 23 41.934
* = P < 0.05
** = P < 0.01
12
0
Analysis of Variance Procedure (Starch)
Appendix B.2
Dependent Variable Amylopectin
Source DF SS MS F Value Pr > F
Rep 2 1.705 0.852 2.24 0.1437
Cross 1 28.491 28.491 74.73** 0.0001
Vitl 3 12.556 4.128 0.98** 0.0006
Cross * Vitl 3 14.888 4.962 13.02** 0.0002
Error 14 5.337 0.381
Total 23 69.977
* = P < 0.05
** = P < 0.01
12
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Analysis of Variance Procedure (Starch)
Appendix B.3
Dependent Variable Viscosity
Source DF SS MS F Value Pr > F
Rep 2 56.250 28.125 0.80 0.4699
Cross 1 658359.375 658359.375 18667.41** 0.0001
Vitl 3 40603.125 13534.375 383.6** 0.0001
Cross * Vitl 3 83728.125 27909.375 791.35** 0.0001
Error 14 493.750 35.268
Total 23 783240.650
* = P < 0.05
** = P < 0.01
12
2
Appendix B.4
Dependent Variable Setback 
Source
Analysis of Variance Procedure (Starch)
DF SS MS F Value Pr > F
Rep
Cross
2
1
6.2500
2438437.5000
3.1250
2438437.5000
0.08
62782.76**
0.9231
0.0001
Vitl
Cross * Vitl
Error
Total
3
3
14
23
115125.0000
209437.5000
543.7500
1763550.0000
38375.0000
69812.5000
988.05**
2797.47**
0.0001
0.0000
* = P < 0.05
** = P < 0.01
APPENDIX C
Enrichment Lev
2 g 3 g
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appendix c . flow diagram of research arrangement.
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